Abstract Glycosaminoglycans are linear anionic polysaccharides that exhibit a number of important biological and pharmacological activities. The two most prominent members of this class of polysaccharides are heparin/heparan sulfate and the chondroitin sulfates (including dermatan sulfate). These polysaccharides, having complex structures and polydispersity, are biosynthesized in the Golgi of most animal cells. The chemical synthesis of these glycosaminoglycans is precluded by their structural complexity. Today, we depend on food animal tissues for their isolation and commercial production. Ton quantities of these glycosaminoglycans are used annually as pharmaceuticals and nutraceuticals. The variability of animal-sourced glycosaminoglycans, their inherent impurities, the limited availability of source tissues, the poor control of these source materials, and their manufacturing processes suggest a need for new approaches for their production. Over the past decade, there have been major efforts in the biotechnological production of these glycosaminoglycans. This minireview focuses on the use of recombinant enzymes and metabolic engineering for the production of heparin and chondroitin sulfates.
Introduction
Glycosaminoglycans (GAGs) are structurally complex molecules, with varying lengths, backbone sugars, and modifications ( Fig. 1) . GAGs are found primarily in the form of proteoglycans, composed of a core protein with varying numbers of GAG chains. The initial building blocks of a GAG are repeating disaccharide units; in the case of heparan sulfate (HS), the disaccharide unit is composed of D-glucuronic acid (GlcA) linked to N-acetyl-D-glucosamine (GlcNAc) (Fig. 1a) . GlcA can later be epimerized into L-iduronic acid (IdoA), and sulfo groups can be substituted at the 2-hydroxyl groups of both IdoA and GlcA, as well as the 3-hydroxyl and 6-hydroxyl groups and the 2-amino group of the glucosamine residue. HS also exhibits a domain structure, with alternating NA and NS domains, composed of contiguous unsulfated N-acetyl regions and N-sulfated regions, respectively, and mixed NA/NS domains (Lindahl et al. 1998) . Heparin (HP) is a highly sulfated form of HS and is often represented as a single extended NS domain. Heparin has anticoagulant properties due to the presence of 3-O-sulfation, which forms part of the antithrombin III binding site (Loganathan et al. 1990; Esko and Lindahl 2001; Linhardt 2003) . Chondroitin sulfate (CS) is a similar sulfated glycosaminoglycan with the repeating disaccharide unit of GlcA linked to N-acetyl-D-galactosamine (GalNAc). The GalNAc residue can have sulfo groups substituted at the 4-and 6-hydroxyls of the GalNAc (Fig. 1b) .
The GlcA residue in CS can also be epimerized to IdoA, present in dermatan sulfate (DS, also known as chondroitin sulfate B), and both the GlcA and IdoA residues can contain sulfo groups at their 2-positions. CS-GAGs also have domain structures, similar to HS-GAGs (Mikami and Kitagawa 2013) .
This diversity of structure poses a challenge for GAG analysis. While GAG sequencing and domain mapping methods exist, they are still relatively difficult to perform. GAG composition, however, can be readily obtained by several disaccharide analysis methods. These techniques usually involve using enzymes (heparin lyases I, II, and III, and chondroitinase ABC) to break down a GAG into its disaccharide building blocks, which are then separated by liquid chromatography and detected by ultraviolet spectroscopy or mass spectrometry. Comparison to disaccharide standards reveals the position and number of sulfo groups in each disaccharide. Options for chromatography steps include hydrophilic liquid interaction, strong anion exchange, and ion-pairing reverse-phase chromatography. Sensitivity can be increased to picomole detection limits by labeling with 2-aminoacridone, allowing analysis of GAG mixtures in biological samples Sun et al. 2015) . Liquid chromatography-mass spectrometry techniques can also be used for direct characterization of low molecular weight heparin oligosaccharides . High-resolution one-and twodimensional nuclear magnetic resonance has become an equally important tool for GAG analysis, allowing determination of defined GAG structures Fu et al. 2013) . Nuclear magnetic resonance spectroscopy can also provide information about structural elements such as sulfation, epimerization, and acetylation, and can be used to identify contaminants in pharmaceutical heparin Xiong et al. 2013; Fu et al. 2014a; Guerrini et al. 2008) . Additionally, molecular weight distribution and polydispersity can be measured by size exclusion chromatography.
The structural complexity of GAGs is mirrored by the diverse functions they carry out, playing roles in signaling and development, blood coagulation, cancer and inflammation, wound healing, as well as providing unique structural properties (Bernfield et al. 1999; Vlodavsky and Friedmann 2001; Linhardt. 2003; Lauder 2009; Cress et al. 2014) . CS and HS proteoglycans are present in the extracellular matrix of animals, where they work in concert with fibrous proteins to maintain cell structure. CS proteoglycans in cartilage and joints act as shock absorbers, due to their tendency as polyanions to retain water. GAGs can also bind extracellular signaling molecules such as growth factors, morphogens, and other chemokines, acting as a Bmolecular sponge.^This allows GAGs to play twin roles in signaling, both stabilizing signal molecule gradients, and functioning as a reservoir of signal molecules, which can be released by GAG degrading enzymes (Taipale and Keski-Oja 1997) . CS and HS proteoglycans are additionally found anchored at the cell surface, where they make up a tissue-specific GAG coat; variations in the composition and structure of this coat can be thought of as a kind of fingerprint . Regulation of fine structure allows for different affinities to extracellular signaling molecules, providing a level of fine tuning of GAG function (Kato et al. 1994; Shi and Zaia 2009 ). Endoglycosidases such as heparanase are known to be important regulators of HS Low molecular weight heparin (Enoxaparin) and ultra-low molecular weight heparins (ULMWH and Arixtra) function in cancer and inflammation. Breakdown of extracellular matrix HS-GAGs by heparanase removes a physical barrier for leukocytes, which can transit into organs to exert an inflammatory response to injury. This mechanism is often co-opted by metastasizing tumor cells, evidenced by the fact that HPSE expression is a prognostic marker for high metastatic potential (Sato et al. 2004) . Heparanase activity also releases bound growth factors that can drive tumor cell proliferation and angiogenesis (Parish et al. 2001; Li and Vlodavsky 2009; Ramani et al. 2013) . One of the most well documented and studied functions of HS-GAGs is their anticoagulant activity. HSGAGs containing 3-O-sulfation, primarily heparin, can bind strongly to antithrombin, a serine protease inhibitor. This binding causes a conformational change that activates antithrombin, inhibiting thrombin and related serine proteases involved in the coagulation cascade (Linhardt. 2003) .
The biosynthesis of CS and HS-GAGs starts out along a similar pathway, beginning with the stepwise addition of four monosaccharides to a serine residue of a core protein (serinexylose-galactose-galactose-glucuronic acid), through the involvement of high-energy UDP-activated sugars (Fig. 2a) .
The subsequent addition of either a GlcNAc or GalNAc residue forms a pentasaccharide, determining whether an HS or CS chain is built, respectively (Mikami and Kitagawa 2013) (Fig. 2b, c) . The CS and HS chains are then extended by their respective glycosyltransferases, and then modified by a host of sulfotransferases and epimerases. Epimerization of GlcA residues to IdoA occurs in both HP and HS, while epimerization of CS GlcA residues forms DS. The sulfotransferases use a universal sulfo group donor, 3′-phosphoadenosine-5′-phosphosulfate (PAPS), to transfer a sulfate group to a specific hydroxyl or amino position of a sugar residue. These modifying enzymes often have tissuespecific isoforms and expression patterns, giving rise to incredible heterogeneity of structure and function (Sasisekharan and Venkataraman 2000; Mikami and Kitagawa 2013) .
Because of an aging world population, the demand for glycosaminoglycan drugs such as heparin and chondroitin sulfate will continue to climb. Heparin is an invaluable drug for treatment of coagulation and thrombotic disorders, and is listed as one of the World Health Organizations essential medicines. Heparin can also be used to create anticoagulant surfaces for test (Murugesan et al. 2008) . Low molecular weight heparins (LMWHs), derived from heparin by depolymerization, are used subcutaneously in treating deep vein thrombosis and are often used in cancer treatment due to the association between cancer and thromboembolic disease. The use of heparins results in additional survival benefits in cancer treatment, not attributable to their anticoagulant activities, mainly due to inhibition of heparin binding growth factors that drive tumor growth, and inhibition of heparanase and selectinmediated metastasis mechanisms (Castelli et al. 2004) . CS has been shown to relieve pain and stiffness associated with osteoarthritis, one of the most common musculoskeletal conditions in the world . In addition to the chondroprotective properties that help to prevent and relieve osteoarthritis, CS also impact many pathologies by its antiinflammatory response, in part by inhibition of the proinflammatory adipokine TNF-α (Tully et al. 2006; Osterman and Lichtenstein 2007; Papoutsaki et al. 2013) . In a clinical trial, CS-A and CS-E was shown to have dramatic impact on improving psoriasis and colitis (Lauder 2009 ). New methods to prepare large quantities of GAG-based drugs must be implemented to meet growing demand. Synthetic methods must also be improved to allow preparation of GAGs with defined sequences, improving knowledge of structure-function relationships. This review will focus on the use of recombinant enzymes and metabolic engineering for the production of GAGs.
Current state of GAG preparation
Current heparins and CSs are derived from a variety of animal tissues. Animal source materials present serious concerns for the possibility of transmission of viral and prion diseases, and the susceptibility of animal populations to infectious disease or overharvesting has potential to drastically reduce supply. Moreover, seasonal, geographical, and subspecies variations may alter the product obtained from a given animal species. The process of preparing pharmaceutical-grade heparin has been altered somewhat over time as the primary tissue source has changed from dog liver to beef lung and finally to porcine intestine (Linhardt. 2003) . The preparation of heparin from ruminant tissues obtained at slaughterhouses present a special concern particularly following the appearance of bovine spongiform encephalopathy (BSE, Bmad cow disease^) in both humans and cattle (Guerrini et al. 2008 ) and scrapies prion in sheep (Schonberger 1998) . Thus, the use of bovine and ovine tissue products as injectable pharmaceuticals has declined and these tissues are now rarely used in heparin production.
The methods used today for the commercial preparation of heparin have changed from that used early in the twentieth century and involve five basic steps ( Fig. 3a) : (1) preparation of tissue; (2) extraction of heparin from tissue; (3) recovery of raw heparin; (4) purification of heparin; and (5) recovery of purified heparin (Evans and Mozen 1962; Williams 1967; Okuyama et al. 1975; Vidic 1981; Linhardt et al. 1992; Van Gorp et al. 1997; Bhaskar et al. 2012) . However, to minimize the environmental impact of high-ash, highbiochemical oxygen demand hydrolyzed protein, raw heparin extraction typically takes place at the hog slaughtering facility itself (not under current good manufacturing practices (cGMP) conditions). Additional high potency heparin may be recovered by saving the waste brine solution of the hog casings operation (Vidic 1981) .
There are growing concerns about porcine tissue nowadays, especially after the heparin crisis that took place in 2008. This crisis involved the introduction of an oversulfated chondroitin sulfate into heparin produced from hogs in China leading to the death of nearly 100 Americans (Liu et al. 2009 ). The lack of oversight and cGMP in slaughterhouses leaves the heparin supply chain open to this kind of adulteration, which can be difficult to detect. Bovine lung heparin can be distinguished from porcine intestinal heparin because it contains a different distribution of structural variants of the antithrombin pentasaccharide binding site as well as other differences in disaccharide composition (Loganathan et al. 1990; Fu et al. 2013) . It is somewhat more difficult to distinguish bovine intestinal heparin or ovine intestinal heparin . Moreover, blends of pharmaceutical-grade heparins prepared from different species might make the content of non-porcine heparin even more difficult to assess.
Currently available commercial CS is mainly extracted from trachea, nasal septa, chicken keel, shark cartilage, and fish ( Fig. 3b) . As Bdietary supplements^available in the US market, the overall quality of CS is poorly regulated. Some products contain much less CS than advertised, as low as 10 % in some cases (Adebowale et al. 2000) . Tracheal CS may sometimes be substituted for higher priced shark-derived CS (Sakai et al. 2007; Higashi et al. 2015) . In addition to problems of regulation and transmission of disease, overfishing of shark populations (Higashi et al. 2015) and porcine epidemics such as blue ear pig disease and porcine epidemic diarrhea virus (Zhou et al. 2008 ) highlight the precarious nature of the supply chain for these GAGs.
Chemical synthesis and enzymatic depolymerization to prepare heparin oligosaccharides Low molecular weight heparins or fractionated heparins with a molecular weight of ∼3-8 kDa are a group of heparin-derived anticoagulant/antithrombotic agents (Fig. 1c) , and their development began approximately 30 years ago (Mousa and Fareed 2001) . Currently, the commercial preparation of LMWHs from unfractionated heparin includes the controlled chemical depolymerization of heparin by peroxidative cleavage, nitrous acid cleavage, and chemical β-elimination (Fig. 4b ). These chemically depolymerized LMWHs such as enoxaparin, Ardeparin sodium, Dalteparin sodium, Nadroparin calcium, Reviparin sodium, and Certroparin sodium contain artifacts inc l u d i n g 2 , 6 -a n h y d r o m a n n i t o l , e p o x i d e , 1 , 6 -anhydroglucopyranose, and 1,6-anhydromannopyranose due to the harsh reaction conditions (Higashi et al. 2012; Keire et al. 2013) . Potential side effects associated with these process artifacts still remain unknown, and what is more, the animalsourced unfractionated heparin starting material for LMWHs is still at risk.
However, Arixtra® (fondaparinux sodium), a synthetic heparin pentasaccharide drug, introduced by Sanofi in 2002 (Toschi and Lettino 2007) is an example of an ultra-LMWH. This ultra-LMWH (<3 kDa) drug was based on a simplification of the elegant synthesis of the heparin antithrombin pentasaccharide binding site, first reported by Choay and coworkers in the 1980s (Petitou et al. 1986) (Fig. 4a) . Arixtra differs from heparin in that it is a specific anti-factor Xa agent, which lacks many of the important pharmacological properties of the polycomponent, polypharmacolgical drug heparin (Bick et al. 2005) .
About 40 % of all heparin used each day in USA is unfractionated heparin. It is primarily used in dialysis and hospitalized patients as an intravenous drug. Approximately 55 % of US heparin market is dominated by LMWHs, principally used subcutaneously for the treatment of deep vein thrombosis. The final 5 % of the heparin market is comprised of the expensive synthetic ultra-LMWH, fondaparinux, which is used in select applications when a side effect, known as heparin-induced thrombocytopenia, is anticipated. The ultra-LMWH market share represents only ∼$0.5B of the total worldwide heparin market of around $4B (Bhaskar et al. 2012) . Thus, the worldwide market is evenly split between the use of heparin and LMWHs with very little synthetic ultra-LMWH being used. The reasons for the low demand for fondaparinux are as follows: (1) expense-fondaparinux is roughly 1000-fold more expensive than heparin and 50-fold more expensive than LMWHs; (2) poorer pharmacological profile-heparin and LMWH are polycomponent, polypharmacolgical agents that show a better overall therapeutic profile in patients than fondaparinux; (3) safetyfondaparinux and LMWHs are not reversible with protamine posing safety concerns; and (4) limitations-fondaparinux is ineffective in a number of applications where heparin and LMWHs are currently used. A new ultra-LMWH called semuloparin has recently been developed for the prevention of venous thromboembolism. It is a semisynthetic ultra-LMWH that is prepared by a selective and controlled depolymerization of heparin through a β-elimination reaction only at Fig. 3 Extractive preparation of glycosaminoglycans. a Heparin and b chondroitin sulfate the less hindered regions using a phosphazene base (Viskov et al. 2009 ). Due to its bulky structure, the base cleaves the heparin chain, leaving the crowded antithrombin-binding site intact. Studies in patients showed the anti-factor Xa/anti-factor IIa ratio of semuloparin to be above 30, indicating nearly pure anti-factor Xa activity (Lassen et al. 2009 ). Although the preparation cost is significantly lower than that of fondaparinux, it is neither homogeneous nor structurally defined and, since it is still derived from porcine intestinal heparin semuloparin, could be subject to contamination or adulteration.
Bioengineering approaches Glycosyltransferases
The chemical syntheses of heparin or heparin-like drugs typically involve numerous steps and result in low overall yields and high costs, which limits their clinical applications. Chemists are starting to turn towards enzymatic or chemoenzymatic synthesis to circumvent these problems (Gijsen et al. 1996; Karst and Linhardt 2003; Deangelis et al. 2013) . Unlike most chemical Fig. 4 Chemical synthesis, depolymerization, and enzymatic depolymerization of ultra-low molecular weight heparin and low molecular weight heparin. a Summary of a convergent multi-step chemical synthesis of Arixtra from cellobiose derivative (reagents not shown). b Enzymatic (I) and chemical (III) depolymerization to prepare low molecular heparins from unfractionated heparin (II) reactions, these enzymatic reactions are highly chemospecific, regiospecific, and stereospecific. Using recombinant technology, glycosyltransferases and heparin biosynthetic enzymes have been cloned and expressed, and are under study for the synthesis of heparin (Orellana et al. 1994; DeAngelis and White 2002) . Initial efforts towards a chemoenzymatic preparation of heparin used C5-epimerase to convert the GlcA of the heparosan polysaccharide to IdoA, but relied primarily on chemical modifications for the introduction of N-and O-sulfo groups, creating unwanted sulfation sites (Naggi et al. 2001 ). An enzymatic synthesis of an oligosaccharide based on the structure of HS has been accomplished using the heparin/HS modification enzymes (Kuberan et al. 2003) and glycosyltransferases (Liu et al. 2010) .
Enzymatic synthesis of polysaccharides and oligosaccharides of defined lengths has recently become possible due to the availability of many recombinantly expressed glycosyltransferases (Table 1) . These enzymes use UDP-activated sugars produced by uridyltransferases such as GlmU, which can be used to produce UDP-GlcNAc and UDP-GalNac in vitro, building blocks for HS and CS backbones, respectively. GlmU is flexible in its substrate specificity and allows the synthesis of some unnatural UDP-sugars possessing a tag, which can be polymerized into novel glycosaminoglycans ). This technique has been used to incorporate labile N-trifluoroacetyl groups into HS oligosaccharides, which can later be enzymatically sulfated (Liu et al. 2010; Xu et al. 2011 Xu et al. , 2014 . Polymerizing enzymes can be processive, by addition of alternating UDP-sugars, or may catalyze the addition of a single sugar, as in KfiA, a UDP-GlcNAc transferase that has been used to build heparin oligosaccharides in a controlled, stepwise manner (Liu et al. 2010; Xu et al. 2011 Xu et al. , 2014 . Processive glycosyltransferases such as heparosan synthases 1 and 2 (PmHS1 and PmHS2) from Pasteurella multocida and chondroitin polymerase from Escherichia coli K4, have been used to synthesize HS and CS backbones of varying molecular weight (Sugiura et al. 2002; Sismey-Ragatz et al. 2007 ). Additionally, site-directed mutagenesis studies have been able to isolate two single-action P. multocida PmHS2 mutants, which can be used to build oligosaccharides in a stepwise manner (Chavaroche et al. 2012 ).
Sulfotransferases and epimerases
Many sulfotransferases involved in GAG biosynthesis have been expressed and characterized in vitro (Table 1 ). Unique to HS biosynthesis is the introduction of N-sulfo groups that is carried out by N-sulfotransferase/N-deacetylases (NDSTs), bifunctional enzymes with two active sites (Berninsone and Hirschberg 1998) . While the bacterial recombinant expression of active N-deacetylase domain has been difficult, the bacterially expressed N-sulfotransferase domain (NST) has been used in Chondroitin 6-sulfotransferase 1 C6ST-1 Homo sapiens Sugiura et al. 2012 N-acetyl galactosamine 4-sulfate 6-sulfotransferase
GalNAc4S-6ST
Homo sapiens Sugiura et al. 2012 Uronosyl 2-sulfotransferase UST Homo sapiens Sugiura et al. 2012 conjunction with N-trifluoroacetyl sugars to achieve the precise introduction of N-sulfo groups sites in heparin oligosaccharides (Liu et al. 2010; Xu et al. 2011 Xu et al. , 2014 . The presence of N-sulfo groups are a prerequisite for the further introduction of O-sulfo groups and for C5 epimerization; thus, NDST specificity controls the formation (or absence, as in heparin) of domain structures in HS (Sheng et al. 2011) . C5 epimerase, which produces critical IdoA residues in HS-GAGs, is thought to act irreversibly in vivo, likely due to concurrent introduction of 2-O-sulfo groups by GAG-modifying enzyme complex of C5 epimerase and 2-O-sufotransferase (2OST). The introduction of a 2-Osulfo group blocks the reversible activity of C5 epimerase in vitro possibly due to steric hindrance, suggested from the recent crystallization of C5 epimerase in complex with a heparin oligosaccharide (Qin et al. 2015) . There is only one 2OST isoform identified in humans and it can act on both IdoA and GlcA residues adjacent to an N-sulfo glucosamine (GlcNS) residue without a 6-O-sulfo group, with a preference for IdoA. A crystallization study elucidated the molecular basis of this specificity, showing favorable interactions with the N-sulfo group, and suggesting steric hindrance with the 6-sulfo groups of the adjacent residue . Three 6-O-sulfotransferase isoforms (6OST-1, 6OST-2, 6OST-3) have been identified in humans, and found to have slightly different specificities; 6OST-1 and 6OST-2 prefer to transfer a 6-O-sulfo groups to a GlcNS that is next to an GlcA residue and IdoA2S residue, respectively (Bhaskar et al. 2012) . There are at least six different isoforms of 3-O-sulfotransferases (3OSTs) with distinct substrate specificities, two of which (3OST-1 and 3OST-3) have solved crystal structures (Moon et al. 2004 (Moon et al. , 2012 . Comparison of the two structures reveals distinct binding modes for the two isoforms, suggesting a mechanism for recognition of fine saccharide structure. It is thought that the presence of 3-O-sulfo groups can regulate many important HS functions. This is due to the modification being critical for protein binding of at least two specific saccharide sequences, the antithrombin-binding site and the binding of the gD envelope protein of herpes simplex virus 1 (Liu et al. 2002; Kusche-Gullberg and Kjellén 2003) . In addition to the HS sulfotransferases, there are several recombinant CS sulfotransferases with demonstrated in vitro activity, including chondroitin-4-sulfotransferase 1 (C4ST-1), c h o n d r o i t i n -6 -s u l f o t r a n s f e r a s e 1 ( C 6 S T-1 ) , Nacetylgalactosamine-4-sulfate 6-sulfotransferase (GalNAc4S-6ST), and uronosyl 2-sulfotransferase (UA2ST) (Sugiura et al. 2012) (Table 1) . Less is known about the CS sulfotransferases and the two CS C5 epimerases (Silbert and Sugumaran 2002; Pacheco et al. 2009a, b; Thelin et al. 2013 ), but it is likely that the activities, specificity, and biosynthetic control parallel that of the HS biosynthetic enzymes. Moreover, specific CS structures seem to play prominent roles in nervous tissues and in brain development and function (Higashi et al. 2015) .
Finally, while not directly involved in GAG biosynthesis, arylsulfotransferase IV (AST-IV), a mammalian liver detoxification enzyme involved in transferring sulfo groups to the hydroxyl groups of phenols, has been indispensable for chemoenzymatic synthesis of sulfated GAGs. While normally catalyzing the transfer of a sulfo group from PAPS to a phenol, at high concentrations of p-nitrophenyl sulfate, AST-IV can be used to catalyze the reverse reaction transferring a sulfate group from p-nitrophenyl sulfate to PAP, thus forming PAPS, the universal sulfate donor for sulfotransferases. This reverse reaction can be used as a cofactor regeneration system when coupled to HS or CS sulfotransferase reactions and overcomes strong product inhibition of these sulfotransferases by PAP (Burkart et al. 2000) . This cofactor regeneration also produces p-nitrophenol, a yellow-colored product which can be easily monitored at a 400-nm wavelength, forming the basis of a commonly used sulfotransferase assay (Burkart and Wong 1999; Sterner et al. 2014) . Collectively, this cofactor regeneration system and colorimetric assay represent a valuable enzymatic toolbox for GAG synthesis.
Further structural elucidation of the GAG biosynthetic enzymes and enzymes for cofactor recycling may lead to new, engineered forms with novel specificities, further expanding the range of tools available. While protein engineering offers opportunities to improve the stability and activity of these recombinant enzyme catalysts, the lack of crystal structures for many of these enzymes posses a barrier to progress. Further efforts to scale-up the production of these enzymes in fedbatch fermenters are underway and have been demonstrated for four out of five of the HS sulfotransferases including 2OST-1, C5 epimerase, 6OST-1, and 6OST-3 (Restaino et al. 2013a; Zhang et al. 2015a, b) . This opens the way for the industrial-scale production of GAGs.
Chemoenzymatic synthesis/depolymerization of heparin oligosaccharides
Efforts to produce high-value oligosaccharide targets using this enzymatic toolbox are underway. Two fondaparinux-like ultraLMWHs (Figs. 1 and 5 ) that showed excellent in vivo and in vitro anticoagulant activity have been chemoenzymatically synthesized using heparin biosynthetic enzymes . By using a chemoenzymatic approach, it is notable that these homogeneous heptasaccharides were synthesized through an approach biomimetic to heparin biosynthesis and within 12 steps at multi-milligram scale and in approximately 40 % overall yield. Both heparin constructs were synthesized initially on a heparosan-derived disaccharide acceptor containing a ringcontracted anhydromannitol residue. Using the N-acetyl glucosaminyltransferase (KfiA) and the heparosan synthase (pmHS2) (Sismey-Ragatz et al. 2007) , the acceptor was elongated stepwise from a disaccharide to a heptasaccharide, using the unnatural GlcN-trifluoroacetyl donor, which was later deprotected and N-sulfonated. KfiA transferred GlcNtrifluoroacetyl smoothly, demonstrating that uridine diphosphate sugar is a compatible unnatural substrate for KfiA. Compared with chemical glycosylation, enzymatic glycosylation proceeded with over 80 % yield and in a stereospecific manner, giving the correct stereochemistry at each anomeric center.
The selective epimerization and sulfation of heparin oligosaccharide backbones are done using C5-epimerase and Osulfotransferases, which converts GlcA into its C5-epimer IdoA and transfers sulfo groups to desired positions, respectively. The selectivities of these modification enzymes provide excellent control over products but require careful reaction scheme design and careful selection of the appropriate isoforms to obtain the desired target structures. The most effective schemes are those that follow the reaction order found in natural heparin synthesis. Investigation of ideal reaction order and enzymatic activity, based on the heparin biosynthesis pathway, has shown that C5-epimerase only converts GlcA residues between two GlcNS residues (Liu et al. 2010) to IdoA and works best collaborating with 2OST, which locks the normally reversible epimerization into the IdoA conformation upon introduction of the 2-O-sulfo group. This specificity requires the NST pre-treatment before C5-epimerase and 2OST (Sheng et al. 2012) .
Recently, one-pot enzymatic synthesis has been explored for the preparation of certain heparin oligosaccharide targets . Chemoenzymatic strategies appear to be the next step in the development of efficient syntheses of heparin oligosaccharides having up to 20 saccharide units.
Sugiura and coworkers have chemoenzymatically synthesized various CS species with defined lengths and defined sulfate compositions, using bacterial chondroitin polymerase and recombinant CS sulfotransferases, including C4ST-1, C6ST-1, GalNAc4S-6ST, and UA2ST. Chemoenzymatic synthesis enables the generation of CS chains of the desired lengths, compositions, and distinct structures, and the resulting library will be a useful tool for studies of CS functions (Sugiura et al. 2012) .
Another approach to oligosaccharide synthesis, used in preparing LMWHs, involves the controlled enzymatic depolymerization of heparin using recombinant heparinases. In contrast to chemical depolymerization, enzymatic depolymerization using recombinant heparin lyases was proven to be a relatively artifact-free method (Fu et al. 2014b) . Enzymatic depolymerization of heparin is scalable and potentially provides more access to LMWHs with specific in vivo biological and pharmacological activities. LMWHs, such as tinzaparin, prepared through controlled heparinase treatment have already been successfully commercialized.
Bioengineered heparin
A concerted effort is currently underway to chemoenzymatically synthesize a full-length bioengineered heparin, based on the overexpression of the E. coli K5 capsular polysaccharide (CPS) heparosan, and subsequent modification with recombinant HP biosynthetic enzymes . Such a bioengineered heparin might one day be approved as a generic heparin and also used in the preparation of LMWHs, increasing the supply and eliminating the risks that come with drugs derived from animal tissues (Liu et al. 2009; Wang et al. 2011; Bhaskar et al. 2012) . Small amounts of bioengineered heparin have been prepared from this E. coli heparosan in several laboratories (Kuberan et al. 2003; Lindahl et al. 2005; Zhang et al. 2008) . Over the past 5 years, research has focused on developing a scalable process capable of producing sufficient quantities of a bioengineered heparin for pre-clinical and clinical evaluation. Even greater challenges are anticipated to meet global demand (over 100 tons/year) if a bioengineered, generic version of heparin, chemically and biologically equivalent to current USP heparin, is to be introduced in the future (Liu et al. 2009; Wang et al. 2011; Linhardt and Liu 2012) .
Unlike the chemoenzymatic synthesis of LMWHs and ULMWH oligosaccharides, the process for preparing bioengineered heparin begins with an E. coli fermentation to prepare the CPS, heparosan, followed by its chemical (or enzymatic) de-N-acetylation and N-sulfonation. Treatment of Nsulfo, N-acetyl heparosan with recombinant O-sulfotransferases and C5-epimerase in the presence of a PAPS cofactor recycling system results in a bioengineered heparin that closely resembles the chemical and biological properties of heparin. Key elements for the commercialization include process control, scale-up, and a reduction in the costs of CPS, recombinantly expressed biosynthetic enzymes, and PAPS cofactor (Burkart et al. 2000; Zhou et al. 2011; Wang et al. 2013) .
Recombinant heparin biosynthetic enzymes, C5 epimerase, 2OST, 6OST, and 3OST, are currently being expressed fused to maltose binding protein or (His) 6 tags at their N-termini (Table 1) . This affords a handle that allows for the convenient purification of these enzymes and their immobilization onto beaded supports. Immobilization both stabilizes these enzymes and allows for their easy recovery and reuse, which simplifies product purification. A recent investigation showed that the enzymes maintain greater than 80 % of activity after immobilization (Xiong et al. 2013 ). These recombinant enzymes have been immobilized on amino-linked agarose gel beads at a loading of 20 mg/mL of gel with enhanced thermo stability (Clarke et al. 2000) .
The control of number and weight average molecular weight of the final bioengineered heparin is another challenge for making a product that closely resembles porcine intestinal heparin. The heparosan CPS from E. coli K5 has a higher average molecular weight (75 KD) than heparin (∼15 KD) . Moreover, as sulfo groups are transferred to heparosan, the molecular weight of a given chain increases by 1.60-fold to 1.75-fold. The average molecular weight of the CPS can be conveniently decreased in the base-catalyzed de-N-acetylation to between 8 and 10 KD, affording a precursor polysaccharide that will afford a bioengineered heparin of the same average molecular weight as porcine intestinal heparin. Process control, time, temperature, base, and heparosan concentration can be optimized based on the starting CPS to afford an intermediate with desired molecular weight properties and Nacetyl content ). It might also be possible to control the molecular weight of heparosan through manipulation of culture conditions, chain termination, and genetic manipulation (Griffiths et al. 1999) . Infection with phage carrying heparosan lyase has been examined as a means to control molecular weight (Clarke et al. 2000) . Molecular weight can be rapidly estimated by polyacrylamide gel electrophoresis and analyzed by size exclusion chromatography and comparison made to a USP heparin standard. The chemical N-sulfonation step also needs to be controlled to ensure all the amino groups in the glucosamine residues are either substituted with an N-sulfo or N-acetyl group (Fu et al. 2014a) .
Recently, a successful one-pot chemoenzymatic synthesis of complex full-length heparin/HS polysaccharides has been achieved beginning from N-sulfoheparosan in our laboratory. This approach of modulating enzymatic activity through use of an optimized enzyme/substrate ratio is suited for highthroughput screening studies aimed at better understanding of heparin's structural heterogeneity and its impact on structure activity relationship. Diversity in 3OST family (seven different isoforms) is primarily responsible for wide array of biological functions attributed to heparin/HS glycosaminoglycans. One-pot chemoenzymatic synthesis of heparin/HS chains provides a way to decipher the substrate specificity of various 3OST isoforms with easy availability of polysaccharide/oligosaccharide substrates (Bhaskar et al. 2015) .
Metabolic engineering of CHO cells
More and more effort has been focused on producing GAG through metabolic engineering (Fig. 6a) . Chinese hamster ovary (CHO) cells have been widely used in producing therapeutic proteins, due to glycosylation that more closely resembles native human proteins, relative safety from biological contamination and industrial scalability (Datta et al. 2013b ). On transfecting CHO cells with human genes encoding NDST-2 (NDST2) and 3OST-1 (Hs3st1), a substantial increase of antithrombin-binding and anticoagulant activity was observed in CHO cell-produced HS (Baik et al. 2012) . However, the disaccharide composition of this GAG was not consistent with that of the pharmaceutical heparin, as it showed an exceptionally high composition of GlcA-GlcNS disaccharide units (Baik et al. 2012) . One hypothesis supporting this observation is that NDST is involved in the termination of HS/ heparin chains (Esko and Selleck 2002) . The expression level of NDST2 and its effect on the introduction of N-sulfo groups may overwhelm the functional expression of Hs3st (Baik et al. 2012) . Refinement of the CHO cell system by designing Golgi-targeted Hs3st1 enhanced the expression of 3OST-1 (Datta et al. 2013a ). The improvement of anticoagulant activity was further confirmed by the structural signature of the antithrombin-binding site by tetrasaccharide analysis (Datta et al. 2013a) . Moreover, the overexpression of Hs3st1 in the Golgi compartment may also result in the up-regulation of other sulfotransferases natively expressed in CHO cell Golgi. Engineering CHO cell HS into a more heparin-like structure will clearly require better control of heparin/HS polymerization, as well as up-regulation of the genes controlling the introduction of critical 2-O-sulfo and 6-O-sulfo groups (Datta et al. 2013a ).
Metabolic engineering of E. coli strains producing chondroitin and heparosan Capsular polysaccharides produced by pathogenic E. coli strains such as K4 and K5 are an important source of precursors for chemoenzymatic synthesis of CS and heparin polysaccharides. Several studies have been performed to improve the production and yield of K4 CPS comprised of fructosylated chondroitin (Manzoni et al. 1996; Zoppetti and Oreste 2004; Cimini et al. 2010a, b; Restaino et al. 2011) . The growth of E. coli K4 has been optimized by altering medium composition, including the use of glucose, glycerol, and soya peptone. Direct feeding of monosaccharide precursors including GlcA, GalNAc, and fructose results in an increased yield of CPS (Restaino et al. 2013b) . High cell density cultivation, accomplished through microfiltration fermentation to prevent acetate accumulation, increased the amount of K4 CPS (Restaino et al. 2011) .
In addition to fermentation optimization, increasing attention has been focused on genetic modification and the preparation of recombinant strains to produce CPS (Zanfardino et al. 2010; Cimini et al. 2010b; Doherty et al. 2011) . More information on the precise function of biosynthetic genes should be useful for improving CPS production. Non-pathgenetic production of nonfructosylated chondroitin can be achieved by integrating group I, II, and III genes related to the transportation and biosynthesis of E. coli K4 capsular polysaccharide into the chromosomes of E. coli K-12 and Xanthomonas campestris (pv. campestris) (Doherty et al. 2011) . Homologous overexpression of kfoC in K4 reportedly increased CPS productivity by 100 %, although the compatibility of the plasmid in wild-type E. coli K4 strain may cause gene expression stability issues during scale-up (Cimini et al. 2010b) . A recent publication suggests that utilizing engineered IS2 transposable elements from K4 fused with kfoC will result in a more stable overexpression system upon integration into the genome . A 2.5-fold increase is reported in large-scale fermenter . Moreover, a single mutation on chondroitin polymerase kfoC (R313Q) potentially enhances the affinity of the polymerase to the UDPGalNAc increasing K4 CPS productivity by 80 % (Zanfardino et al. 2010) . Recently, our group investigated optimizing expression levels for biosynthetic genes of K4 CPS in E. coli BL21 Star™ (DE3). By using ePathbrick platform vectors designed for tunable gene copy number and promoter strength in a single plasmid, a maximum production of 2.4 g/L was observed in DO-STAT fed-batch fermenter (Cimini et al. 2013) . A similar strategy has also been applied to the production of heparosan. Introduction of the four heparosan biosynthetic genes (KfiA-D) from E. coli K5 into E. coli BL21 resulted in a final yield of 1.88 g/L in a DO-STAT fed-batch fermenter .
Transcription factors may also play a major role in regulating CPS biosynthesis. Homologous overexpression of rfaH in E. coli K4 resulted in a total CPS yield of 5.3 g/L in a fedbatch experiment, representing the highest reported level of Fig. 6 Alternate strategies for metabolic engineering of glycosaminoglycans. a CHO cell engineering to produce heparin, based on manipulation of existing pathway for HS biosynthesis. b An approach for the E. coli-based production of chondroitin sulfate using microbial biotransformation. Three E. coli strains produce components for CS synthesis, including chondroitin, sulfotransferases, and the sulfate donor PAPS, which are then combined to produce CS bacterial chondroitin production. The rfaH gene is a transcriptional activator that carries out an anti-termination process during CPS expression. It binds to the operon polarity suppressor element located just upstream of many CPS gene starts and controls promoter distal gene expression by preventing the termination of transcripts and promoting transcription over a long distance (Cimini et al. 2013) . Overexpression of the transcriptional regulator slyA enhances the E. coli K4 CPS production by 1.85-fold higher than the wild-type strain (Wu et al. 2013) . As a global transcriptional regulator, slyA may upregulate region II gene cluster expression for E. coli K4 CPS synthesis while down-regulating the genes involved in glycolysis and citrate cycle pathway (Wu et al. 2013 ).
Conclusions and future prospects
The small-scale chemoenzymatic synthesis of bioengineered heparin has been demonstrated and work is proceeding on scaling-up and commercializing its production. It should not be long before similar studies are successful in the chemoenzymatic synthesis of various chondroitin sulfates. Enzyme engineering should be useful to improve the folding of the recombinant GAG biosynthetic enzymes increasing their production levels in E. coli. Similarly, enzyme engineering or alternative expression systems should be useful in increasing the activity and stability of these recombinant catalysts.
In the future, the metabolic engineering of GAGs may also be possible. While some initial progress has been made in the metabolic engineering of CHO cells, the use of CRISPR might allow the controlled up-regulation and downregulation of Golgi enzymes to control expression levels required for GAG targets with different fine structures. Metabolic engineering of prokaryotes (without a Golgi), such as E. coli, posses even greater challenges Xu et al. 2013; Cress et al. 2015; Jones et al. 2015) . One intermediate approach can be envisioned using currently available technology to couple metabolic engineering with biotransformation. For example, the production of chondroitin CPS from glucose using an engineered E. coli is currently possible . Moreover, PAPS can be produced from ATP and inorganic sulfate using three E. coli expressed recombinant enzymes, adenosine 5′-triphosphate (ATP) sulfurylase, adenosine 5′-phosphosulfate (APS) kinase, and pyrophosphatase (Zhou et al. 2011) (Fig. 6b) . Finally, recombinant C4ST-1 can be expressed in E. coli. A relatively straightforward process to prepare chondroitin-4-sulfate can be envisioned by combining chondroitin produced in a first E. coli fermentation, PAPS is produced in a second E. coli fermentation, and recombinant C4ST-1 is produced in a third E. coli fermentation (Fig. 6) . Certainly, it is also possible, but considerably more challenging, to metabolically engineer a single E. coli to biosynthesize CS and shed it into the culture media.
